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from  the  metal -metal  bonds  which  hold  the  grain  boundary  together  and 
weaken  them.  Cohesive  enhancers  do  not  draw  charge  off  the  metal  atoms 
and  thus  do  not  weaken  the  metal -metal  bond  network.  In  addition,  they 
form  rather  homopolar  bonds  with  the  metal  atoms  and  thus  provide  an  added 
Increment  of  bonding  In  the  grain  boundary. 
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ABSTRACT 

Brittle  intergranular  fracture  occurs  fits  impurity  ilwnti  segregate  to 
the  grain  boundaries  of  a  material  and  lover  their  eohesive  strength. 
Although  a any  embrittling  elements  have  been  identified  by  experimental  •  to¬ 
dies.  the  reason  why  these  elements  eanae  embrittlement  has  remained  elusive. 
This  paper  presents  resnlte  of  fnlly  quantum  mechanical  clnater  calculations 
which  address  this  question.  It  will  be  shovn  that  strong  embrittling  ele¬ 
ments  draw  charge  from  the  neighboring  metal  atoms  onto  themselves.  They  thus 
remove  charge  from  the  metal-metal  bonds  vhioh  hold  the  grain  boundary 
together  and  weaken  them.  Cohesive  enhancers  do  not  drav  charge  off  the  metal 
atoms  and  thus  do  not  weaken  the  metal-metal  bond  network.  In  addition,  they 
form  rather  homopolar  bonds  with  the  metal  atoms  and  thus  provide  an  added 
increment  of  bonding  in  the  grain  boundary. 


INTRODUCTION 


Brittle  iatergraaular  fracture  Baa  baas  observed  la  many  different 
aatarlali.  Particularly  well-documented  experiments  bar  a  baaa  raportad  for 
iroa^1”1®  aad  stools,  aickol  alloys,  coppor  alloys,  ^3-36) 

refractory  alloys. ^-38)  moi*  of  brittlo  fracture  is  also  oftea  con- 

euraat  with  a  greatly  redaeed  fracture  toughaeaa.  Consequently,  the  possi¬ 
bility  of  its  oceurreace  bus  limited  tbe  applieatioa  of  aaay  alloys,  sad  its 
uaexpected  oceurreace  ia  practice  bas  oftea  eaased  cataatropbea. 

Although  tbe  detaila  of  brittle  iatergraaular  fracture  depead  oa  tbe 
specific  aaterial  aad  applieatioa,  oae  observation  bolds  for  all  kaova  cases. 
Imparities  which  bawe  a  low  aolubility  ia  tbe  bulk  aegregate  to  tbe  graia 
bouadaries  aad  locally  lower  tbe  cohesive  streagtb  of  tbe  metal.  These 
embrittliag  elemeats  are  termed  impurities  because  their  bulk  coaceatratioas 
are  oftea  below  tbe  level  of  eoatrol  ia  commercial  meltiag  practices  (  e.g., 
less  thaa  200  ppm) .  However,  vbea  these  elemeats  are  segregated  to  tbe  graia 
bouadaries,  their  coaceatratioas  at  these  iaterfaces  caa  be  very  high,  possi¬ 
bly  five  to  tea  atomic  perceat. 

A  problem  such  as  this  is  very  complex.  Tbe  full  prooess  of  intergraav- 
lar  fracture  uadoubtedly  iavolves  dislocatioa  motioa  aad  pile  ape,  plastic 
deformatioa,  work  bardeaiag  sad  boad  breaking.  Ia  this  paper  we  focus  oa  tbe 
chemical  boadiag  aspect  of  this  problem.  If  we  caa  understand  why  tbe  segre¬ 
gated  impurities  weaken  tbe  boadiag  at  tbe  graia  bouadaries,  then  we  will  be 
oae  step  closer  to  a  complete  descriptioa  of  iatergraaalar  fracture. 

There  are  a  aamber  of  pieces  of  experimental  evidence  which  show  that  tbe 
segregated  impurities  weaken  tbe  boads  at  tbe  graia  boundary.  First,  tbe 
segregation  causes  a  transition  of  tbe  brittle  fracture  node  from  crystallo¬ 
graphic  cleavage  to  iatergraaular  fracture.  Therefore,  tbe  graia  bouadaries 
have  become  weak,  relative  to  tbe  cleavage  plaae.  Secoadly,  tbe  ductile-to- 
brittle  traasitioa  temperature  ia  bod^-oentered-eubic  metals  increases  vitb 
increasing  segregation  aad  iatergraaular  fracture.  Therefore,  as  a  result  of 
tbe  decreased  boad  streagtb,  a  brittle  eraek  caa  propagate  at  high  tempera¬ 
tures.  Finally,  tbe  fracture  energy  decreases  as  tbe  amouat  of  segregation 


iMrtMti. 

Several  qualitative  explanations  kirt  beta  offered  to  suggest  how  this 
weakening  sight  oeeax.  it  hat  beta  acted  that  the  eabrit¬ 

tliag  eleaeata  are  oftea  froa  groapa  IV  to  VI  of  the  periodic  table.  Second, 
it  hae  beta  ahowa  that  the  eaibrittliag  power  of  the  eleaeat  iacreaaea  aa  oae 
aorta  froa  groap  IV  to  VI  ia  a  giwea  row  of  the  periodic  table.  Therefore, 
impurities  which  are  aore  electroaegatiwe  with  reapeet  to  their  traaaitioa 
aetal  hoata  are  atroager  eabrittlera.  Oae  sight  expect  that  the  greater  the 
differeace  ia  electronegativity,  the  aore  diaraptiwe  the  inpurity  woald  be  oa 
boada  at  the  graia  booadary .  Alao  for  a  giwea  electronegativity,  a  larger 

atoa  ia  a  aore  poteat  eabrittler  than  a  earlier  oae.  Thia  effect  preaaaably 

(12) 

reaalta  froa  etraiaa  prodaced  by  the  iaparity.  '  Finally,  it  haa  beta 
observed  that  carboa  ia  iroa^*^'*®**^  aad  boroa  ia  aickel^^  redaoe  eabrit- 
tleaeat. 

In  order  to  aaderataad  the  eheaical  boadiag  aapeot  of  graia  boundary 
eabrittleaeat  at  ita  aoat  faadaaeatal  level,  it  is  aeoassary  to  perfora  fully 
quantun  aechaaical  oalcalatioaa  which  will  describe  the  boadiag  at  the  graia 
bouadary.  Because  oae  ia  iatereated  ia  the  local  chemistry  at  the  boundary,  a 
aoleoular  orbital  cluster  approach  is  particularly  advantageous.  One  can  then 
calculate  the  eheaical  bonding  for  dusters  which  have  atonic  arraageaeats 
represeatative  of  those  of  the  graia  bouadary  aad  deteraiae  changes  ia  the 

boadiag  which  occur  when  aa  eabrittliag  eleaeat  is  introduced.  Beeeatly,  we 

(42) 

reported  the  first  such  calculations.  '  We  used  the  X-u  self-consistent- 
field  scattered-wave  aethod  of  Slater**3*  aad  Johnson****  aad  applied  it  to  a 
cluster  aodel  relevant  to  the  eabrittleaeat  of  nickel  by  sulfur.  In  this 
paper  we  extend  these  ealculatioas  to  other  systeas.  Ve  will  show  that  the 
strongly  eabrittliag  eleaeats  are  indeed  very  electronegative  with  respect  to 
the  host  aetal  aad  draw  charge  froa  the  aetal  atoa  onto  theaselves.  Thus  the 
aetal-iatpurity  boad  is  heteropolar.  la  contrast,  a  cohesive  enhancer  such  as 
boroa  ia  nickel  does  not  deplete  the  aetal  atoas  of  charge  aad  the  Jjspurity- 
aetal  boad  is  aueh  aore  hoaopolar.  Such  aa  eleaeat  will  then  provide  addi¬ 
tional  boadiag  at  the  graia  boundary  while  aot  destroying  the  aetal-aetal 
bonds.  la  eoatrast,  ve  suggest  that  carboa  is  a  rather  beaiga  iaparity  but 
aot  a  cohesive  enhancer,  aad  that  the  beaefieial  effects  of  carbon  additions 
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to  iron  resolt  from  its  displacing  i  aors  potsat  sabrittlsr  net  as  sol  far 
froa  tbs  booadary. 

METHOD 

» 

Tbs  applicatioa  of  tbs  aolsealar  orbital  elostsr  astbod  to  tbs  problsa  of 
graia  boundary  sabrittlsasat  IbtoItss  tbs  spseifieatioa  of  a  tscbaiqos  for 
ealcalatiag  tbs  aolsoalar  orbitals  togstbsr  with  a  eboics  of  tbs  atoaie 
arraagsasat  of  atoas  ia  tbs  elostsr  which  siaolats  tbs  local  s tractors  at  tbs 
graia  booadary. 

Tbs  dstsraiaatioa  of  appropriats  atoaio  arraagsasat  ia  tbs  elostsr  bas 
base  greatly  faeilitatsd  by  reeaat  work  which  shows  that  tbs  stroetors  of 
graia  booadariss  eaa  bs  dsseribsd  ia  taras  of  polybsdral  oaits  ia  which  atoas 
are  plaesd  at  vertices.  These  polyhedra,  which  arc  quite  siailar  to 
tbs  Beraal  deltahedra,  eaa  tbca  bs  ossd  as  tbs  elostsrs  ia  tbs  calcolatioas. 
Ia  this  paper  ws  bare  ossd  tbs  siaplsst  graia  booadary  polyhedron,  tbs 
tetrahedron,  Figure  1.  Ia  tbsss  calcolatioas  tbs  impurity  atoa  is  plaesd  at 
tbs  canter  of  tbs  tetrahedron  and  sorrooadsd  by  tbs  four  astal  atoas. 

Tbs  tscbaiqos  ws  haws  ossd  for  ealcalatiag  tbs  aolscolar  orbitals  Is  tbs 
self-consistent-field  X-o  scattered-ways  theory.  This  elostsr  astbod  bas  been 
applied  with  great  sooesss  to  nany  probleas  where  looal  bonding  is  of  overrid¬ 
ing  inportance  snob  as  chemisorption^'**^  and  anorphoas  aetals.^*^  Three 
types  of  information  obtained  froa  soeh  calcolatioas  bays  been  employ sd  in 
this  stody.  They  are  tbs  following:  tbs  orbital  energy  level  diagrams,  tbs 
oas-slsctroa  aolscolar  orbital  wavs  foaetioas,  and  tbs  valence  electron  charge 
density  of  tbs  atoas  la  tbs  elostsr.  Tbs  latter  two  can  bs  presented  graphi¬ 
cally  as  eqoi-valosd  coatoor  plots. 

Tbs  rssolts  of  calcolatioas  oa  five  different  elostsrs  are  reported  la 
this  paper.  la  three  of  these  elostsrs  Fs  is  tbs  host  metal,  and  ia  two  Ni  is 
tbs  boat.  Table  1.  Ve  have  ebosca  tbsss  systems  beeaose  they  have  been  *  to- 
died  experimentally  sad  represent  a  raags  of  embrittlement  potency.  Sol far  is 
a  strong  sabrittlsr  of  both  ui  Ni,(29"S2)  P  is  a  weak  sabrittlsr 
of  iron,***  and  and  B*2**  have  bsca  reported  to  eooatsraet  the  solfor 


induced  nkrittlnMt  is  Fe  and  Ni,  ruptetitiljr. 

Tie  calculations  performed  oa  these  clusters  were  fully  spin  polarised  eo 
that  sty  magnetic  effeete  would  be  accounted  for.  As  would  be  expected,  the 
iron  olneters  had  a  much  greater  magnetic  moment  than  did  the  nickel  clusters. 
This  result  is  a  consequence  of  the  fact  that  the  iron  clusters  have  many  more 
unpaired  spins  than  the  nickel  clusters  which  arises  from  the  larger  differ¬ 
ence  in  energy  of  a  given  level  between  the  spin  up  (the  majority  spin)  and 
spin  down  components  in  the  iron  clusters  as  compared  to  the  Ni  clusters. 

RESULTS 

Figures  2-6  show  the  energy  level  diagrams  fox  the  five  clusters.  The 
levels  are  designated  by  the  irreducible  representations  of  the  tetrahedral 
point  group  under  which  their  corresponding  orbital  wave  functions  transform. 
Particular  attention  should  be  paid  in  these  diagrams  to  the  la^  and  lt^  lev¬ 
els.  These  two  levels  oorrespond  to  the  wave  functions  which  describe  the 
metal-impurity  interaction.  The  la^  orbital  contains  the  contribution  from 
the  impurity  valenoe  s  electrons  and  the  lt^  orbital  contains  the  contribution 
from  the  imparity  p  eleotrons.  All  other  energy  levels  correspond  to  wave 
functions  which  are  located  either  oompletely  or  almost  completely  on  the 
metal  atoms.  We  see  that  the  la^  and  lt^  levels  are  the  lowest  two  energy 
levels  in  eaoh  duster.  Also  there  is  a  significant  energy  difference  between 
either  of  these  levels  and  the  closely  spaced  group  of  levels  that  lie  above 
them.  Thia  difference  is  greatest  for  the  sulfur  containing  clusters,  less  so 
for  Fe^P  and  Fe^C,  and  least  of  all  Ni^B.  We  might  then  expect  that  as  this 
difference  inoreases,  the  wave  functions  which  correspond  to  these  two  levels 
will  be  loeated  more  on  the  impurity  atom  and  less  oa  the  metal  atoms. 

There  is  a  very  simple  way  in  which  one  can  understand  the  qualitative 
effects  which  might  be  expected  to  occur  by  considering  the  interaction  of  the 
metal  with  the  impurity  series  B,  C,  P.  S.  First  consider  the  2s  and  3s 
valence  orbital  energies  of  ths  impurities  B,  C  and  P.  S.  respectively.  These 
orbital  energies  are  all  below  the  mean  of  the  orbital  energies  of  the  metal. 
As  one  goes  through  the  series  B.  C.  P.  8.  the  difference  between  the  orbital 
energy  of  the  impurity  and  those  of  the  metal  continue  to  increase.  Thus 


fij  -  sjj  eoatiiMi  to  iaemii  la  upitsli  (recall  hmtm  that  orbital  ener- 
gin  ax#  negative  quantities)  for  tbis  aorios  of  iapuritios.  Hi  quantities 
*°I  “d  refer  to  tbe  orbital  energies  of  tbe  isolated  Impurity  and  aetal 
respeetively. 


If  one  tbea  investigates  tbe  interaetion  of  tbe  aetal  eluster  and  tbe 
iapurity  by  perturbation  theory*  a  procedure  vbieb  bas  validity  in  discussing 
qualitative  effects,  but  certainly  not  quantitative  aspects*  one  can  write  tbe 
perturbed  wave  function  of  tbe  iapurity  as 


9  m  m°  +  -  V 
TI  TI  .0 


,0*S 


(1) 


Tbis  sbovs  that  tbe  perturbation,  vbieb  causes  an  interaetion .  energy  V 
(vbieb  is  attractive,  and  benee  negative)  nixes  tbe  unperturbed  wave  function 
of  tbe  iapurity  vitb  those  of  tbe  aetal.  Both  tbe  numerator  and  denominator 
of  tbe  second  tern  in  Eq.  (1)  axe  negative,  benee  a  bonding-like  interaetion 
occurs.  If  one  assuaea  that  V  is  roughly  oonstant  for  tbe  series  of  impuri¬ 
ties  B,C,  P  and  S,  tbea  tbe  denoainator  of  tbe  second  teza  will  control  tbe 
airing  of  tbe  unperturbed  iapurity  and  aetal  vave  functions.  As  aentioned 
above,  tbe  aagnitude  of  tbe  faotor  in  tbe  denoainator  increases  for  tbs  series 
of  impurities  and  thus  one  expects  ouch  less  of  a  aetal  contribution  in  Eq. 
(1)  for  a  sulfur  iapurity  than  for  tbe  ease  of  tbe  B  iapurity.  One  ean  aake  a 
similar  argument  for  tbe  case  of  tbe  iapurity  p-orbitals  interacting  vitb  tbe 
aetal. 


Ibis  idea  is  verified  when  ve  exsaine  tbe  eontour  plots  vbieb  correspond 
to  these  two  orbitals.  These  plots  are  shown  in  Figures  7-11;  tbe  cross  sec¬ 
tion  is  £aken  in  tbe  cross-hatched  plane  of  Figure  1  so  that  it  includes  tvo 
aetsl-aetal  atoas  and  tbe  iapurity.  Tbe  plots  for  Fe^S  and  Ni^S  are  shown  in 
Figures  7  and  8,  respeetively.  For  these  tvo  clusters  tbe  la^  orbitals  have 
practically  no  aetal  content  for  either  tbe  spin  up  or  spin  dovn  ease.  Tbe 
ltj  orbitals  also  have  little  content  on  tbe  aetal  ateas  and  are  aore  concen¬ 
trated  on  tbe  iapurity.  One  other  fact  should  be  noted  froa  these  plots. 
Because  tbe  nickel  cluster  bas  a  saall  aagnetie  aoaent,  the  eaargies  of  tbe 
spin  up  ltj  end  spin  dovn  ltj  levels  are  quite  similar  and  tbe  orbitals  vbieb 
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correspond  Co  tins  SMC|i«<  srs  sinilsr.  However,  in  tks  iron  cluster  which 
has  a  large  aagnetie  sonant,  the  spin  np  and  spin  down  energy  levels  have  dif¬ 
ferent  energies  and  the  corresponding  wave  functions  are  also  different. 

Therefore,  we  see  in  Figure  7  that  the  It!  orbital  has  nore  natal  atoa  content 
x  * 

than  does  its  ltj  counterpart. 

Siailar  plots  for  Fe^P  are  shown  in  Figure  9.  Both  the  la^  and  lt^  orbi¬ 
tals  have  more  metal  atoa  content  and  are  less  localized  on  the  inpurity  atom 
than  for  Fe^S  and  Ni^S.  The  results  for  Fe^C,  Figure  10,  appear  Quite  siailar 
to  the  results  for  Fe^P.  Finally,  the  results  for  Ni^B  are  shown  in  Figure 
11.  It  is  clear  that  the  ls^  and  lt^  wave  functions  of  this  cluster  have  the 
aoat  aetal  content  and  are  least  localized  on  the  inpurity  atoa.  Therefore, 
as  we  go  froa  the  strong  enbrittler  S  in  both  Fe  and  Ni  to  the  cohesive 
enhancer  of  B  in  Ni,  the  wave  functions  which  describe  the  iapurity— aetal 
bonds  go  froa  being  highly  localized  on  the  iapurity  atoa  with  little  content 
on  the  aetal  atoa  to  being  aueh  nore  equally  distributed  between  the  iapurity 
and  the  aetal.  The  bonds  which  actually  fora  should  then  vary  froa  being 
heteropolar  in  the  ease  of  the  strong  eabrittlers  with  the  negative  charge 
concentrated  on  the  iapurity,  to  being  aueh  aore  hoaopolar  in  the  ease  of 
cohesive  enhancers. 


To  observe  this  directly  we  have  used  the  wave  functions  to  calculate  the 

—9 

valence  charge  density.  The  charge  density  p( r )  is  usually  obtained  by  sun¬ 
ning  over  the  square  of  all  the  wave  functions.  That  is. 


-9 
p(  r  ) 


-9  -9 

(r)  f  j(  r  ) 


(2) 


where  the  are  the  aoleeular  orbitals  of  the  system  and  n^  is  the  occupa¬ 
tion  number  of  the  Jth  orbital.  However,  since  only  a  limited  nuaiber  of  these 
orbitals  (laj'  la*'  It*'  It*'  4tj'  4t**  contribute  to  the  impurity-metal  bond, 

we  can  define  a  special  charge  density  Pgg( r )  which  includes  only  these  orbi¬ 
tals. 


(3) 


* 


The  results  of  these  calculations  ere  shoes  is  Figure  12.  Just  us  would 
be  ezpeeted  froa  the  usee  function  plots,  the  ehsrge  density  is  much  greater 
on  the  inpurity  ston  than  on  the  natal  stems  for  the  Fe^S  and  Ni^S  clusters. 
As  ve  move  to  Fe^P  and  Fe^C,  and  then  on  to  Ni^B,  the  charge  becoaes  much  aore 
equally  distributed  between  the  impurity  end  the  host  aetal  stops.  This  fact 
is  aoat  clearly  observed  in  these  plots  by  ezanining  the  sixth  contour,  which 
is  darkened  in  the  plots  in  Figure  12.  In  the  sulfur  containing  olustera  it 
is  broken  into  two  parts,  one  around  each  aetal  atom  and  one  around  the  sul¬ 
fur;  in  the  other  clusters  it  is  continuous  around  the  aetal  and  ia^urity 
atoas.  As  expected,  the  strong  enbrittlers  are  very  electronegative  with 
respect  to  their  aetal  host  whereas  the  cohesive  enhancers  are  not,  and  the 
transition  froa  a  heteropolar  bond  to  a  hoaopolar  bond  as  embrittling  potency 
decreases  is  clearly  evident. 

DISCUSSION 

The  aajor  result  of  the  previous  section  was  the  following.  Vhen  an 
impurity  atom  is  placed  in  a  cluster  of  host  aetal  atoas,  one  can  distinguish 
that  different  types  of  bonds  are  forming.  For  a  strong  embrittler  such  as  S 
in  Ni  or  Fe,  the  bonds  which  fora  are  such  that  charge  is  concentrated  very 
heavily  on  the  inpurity  atoas  and  very  little  on  the  aetal  atoas.  The  embrit¬ 
tling  element  is  electronegative  with  respect  to  the  aetal  and  the  heteropolar 
bond  which  forms  could  be  approximately  described  as  being  ionic.  In  con¬ 
trast,  for  a  cohesive  enhancer  such  as  B  in  Ni,  the  charge  is  much  more 
equally  shared  between  the  host-metal  and  inpurity.  Therefore,  this  bond  is 
much  aore  hoaopolar  or  covalent.  P  and  C  in  Fe  appear  to  be  intermediate 
eases  between  these  two  extremes. 

These  results  can  be  easily  used  to  describe  the  role  that  chemical  bond¬ 
ing  must  play  in  grain  boundary  embrittleaent.  If  any  embrittling  impurity 
atom  such  as  sulfur  resides  in  a  grain  boundary  interstice  in  iron  or  nickel, 
it  will  draw  charge  off  the  iron  or  nickel  atoas  as  it  foras  heteroploar  bonds 
with  thea.  This  depletion  of  charge  on  the  host  aetal  atoms  aeans  that  less 
charge  will  be  available  to  participate  in  the  aetal-metal  bonds  which  hold 
the  grain  boundary  together.  Therefore,  these  eleaents  will  lead  to  grain 
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boundary  embrittlement.  Ia  contrast,  if  aa  impurity  which  la  a  cohesive 
•ahaacar  aaoh  aa  boron  ia  ia  tbe  iataraticea  of  a  nickel  grain  boundary,  the 
charge  daplatioa  of  tha  aatal  atoaa  will  aot  occur.  Therefore,  ia  additioa  to 
aot  dacraaaiag  tbe  ebarga  ia  tba  aatal  boada  aoroaa  tba  graia  bouadary,  a 
eovalent-like  boad  ia  foraad  betweea  tba  boat  aatal  aad  tba  impurity.  Thia 
boadiag  will  giva  additioaal  coheaivanaaa  aeroaa  tba  graia  bouadary. 

Of  eourae,  ia  tbaaa  aaall  tetrahedral  oluatara  oaa  cannot  directly 
obxerre  tba  affect  of  tba  aatal- impurity  boada  oa  tba  aatal-aatal  boada;  aucb 
aa  observation  would  require  aa  additional  aball  of  atoaa.  However,  in  our 
previous  study  of  tba  Ni-S  ay a tan  preciaaly  aucb  aa  affect  waa  observed. 
The  cluster  used  for  that  study  contained  eight  atoaa  aad  ia  shown  ia  Figure 
13.  Calculations  were  performed  for  this  cluster  with  aad  without  the  sulfur 
atom  in  tbe  ceater;  nickel  atoms  were  placed  at  tbe  eight  vertices.  As  can  be 
seea  ia  Figure  13,  four  of  these  nickel  atoms  (#1, 2,3,4)  were  near  tbe  X-T 
plane  of  tbe  cluster  aad  four  were  farther  away  (#5.6, 7,3).  We  found  that 
sulfur  formed  very  strong  bonds  with  tbe  four  nickel  atoaa  aeareat  to  it. 
This  bond  was  agaia  beteropolar  ia  nature  in  that  tbe  charge  was  drawn  off  tbe 
nickel  atoms  onto  tbe  sulfur  atoa.  Tbe  charge  density  contours  for  these  two 
olusters  are  sbowa  ia  Figure  14.  This  cross-section  plot  is  in  tbe  X-Z  plane 
of  tbe  cluster  sbowa  ia  Figure  13;  it  includes  two  of  the  Ni  atoms  near  tbe  S 
and  two  of  those  farther  away.  In  tbe  Nig  cluster  a  definite  boad  is  formed 
betweea  tbe  aickel  atoas  near  tbe  center  of  the  cluster  aad  those  farther 
away.  When  sulfur  is  added  to  the  cluster,  charge  is  drawn  from  the  Ni  atoas 
onto  tbe  sulfur  and  thus  reduces  tbe  electron  density  available  to  fora  tbe 
metal-metal  bonds.  They  are  therefore  severely  weakened.  This  fact  can  be 
clearly  seea  by  exaaiaiag  tbe  darkened  fourth  contour  la  this  figure.  Ia  tbe 
Nig  cluster  (Figure  14a)  this  contour  encompasses  both  the  Ni  stoas  near  the 
X-T  plane  and  those  farther  away  aad  coatributes  to  a  boad  between  tbe  two 
types  of  Ni  atoms.  In  tbe  NigS  cluster  this  contour  has  been  broken  into  two 
parts.  One  part  is  now  localized  oa  tbe  two  atoas  farther  away  from  tbe  X-T 
plaae  aad  oaa  part  is  now  forming  tbe  Ni-S  boad.  However,  the  important  point 
la  that  tbe  boadiag  betweea  the  two  types  of  atoms  is  severely  weakened. 
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Ik*  aedil  wUek  w*  km  described  clearly  ikon  that  S  should  b#  a  stxoag 

eabrittler  la  Fa  sad  Ni  aad  that  B  should  b*  a  cohesive  cahaaccr  la  Ni.  These 

theoretical  results  are  coapletely  ia  agreement  with  experimental  results. 

However,  our  theoretical  results  also  suggest  that  phosphorus  aad  earboa  would 

lie  between  these  estreaes  aad  probably  would  be  soaewhat  beaiga  eleaeats  at 

the  graia  boundary.  Siaoe  this  rasult  is  soaewhat  contrary  to  the  perceived 

role  of  these  two  eleaeats,  w*  now  ezaaia*  the  experiaeatal  doeuaeatatioa  of 

those  effects.  First  let  us  consider  the  role  of  carbon.  The  conclusion  that 

(2) 

carbon  can  counteract  eabrittleaeat  cones  priaarily  froa  the  work  of  Jolly, 
and  Pichard,  Kieu,  aad  Goux.^  They  fouad  that  eabrittleaeat  ia  the  aoai- 
aally  high  purity  iron  that  they  were  studying  arose  froa  sulfur  (which  had  a 
bulk  eoaposition  of  approxiaatsly  SS  wppa)  aad  that  carbon  additions  of  10-30 
wppa  decreased  the  eabrittleaeat.  However,  they  provided  ao  Auger  results  to 
ecmplenent  their  aechanical  test  dots.  Therefore,  one  does  not  know  whether 
carbon  enhanced  the  eohesiveaess  of  the  boundary  or  whether  it  siaply  dis¬ 
placed  the  sulfur  at  the  boundary.  Our  theoretical  results  suggest  that  the 
latter  aight  be  the  oase.  It  is  dsar  froa  our  calculations  that  even  if  ear- 
boa  were  a  weak  eabrittler  its  displaceaeat  of  sulfur  at  the  graia  boundary 
would  lead  to  a  narked  improvement. 

Now  let  us  oonsider  the  data  for  phosphorus.  Although  a  uuaber  of  stu¬ 
dies  have  beea  aade  of  phosphorus  eabrittleaeat  of  auch 

less  work  has  beea  done  on  iroa.  Because  of  the  additional  segregatioa  of 
alloying  eleaeats  ia  the  steel {**•**)  one  cannot  assuae  that  the  eabrittliag 
poteacy  of  this  eleaeat  will  be  the  sane  ia  iroa  and  steel.  However,  Bamasu- 
brsaaaian  aad  Stein ^  did  study  eabrittleaeat  of  iron  by  phosphorus  aad  pro¬ 
vided  Auger  data  for  this  systea.  They  fouad  that  if  they  doped  iron  with  500 
to  2000  wppa  of  phosphorus  they  could  get  intergranular  fracture  aad  a  ductile 
to  brittle  transition  teaperatura  of  150  to  200*C.  However,  this  transition 
teaperature  did  aot  correlate  directly  with  the  aaouat  of  phosphorus  oa  the 
graia  boundary  aad  the  Auger  spectra  froa  these  boundaries  shoved  the  preseaoe 
of  sulfur  aad  aitrogea.  Furthermore ,  when  aa  alloy  containing  500  wppa  phos¬ 
phorus  aad  30  wppa  S  was  tested,  the  ductile  to  brittle  traasitioa  teaperature 
vent  above  375*C  aad  a  auch  larger  sulfur  peak  was  seen  oa  the  graia  boun¬ 
daries.  Therefore,  oae  aust  conclude  that  phosphorus  is  a  auch  weaker  grain 
boundary  eabrittler  than  sulfur,  aad  that  the  intergranular  fracture  observed 
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ia  tk«M  alloys  could  bay*  at  laaat  partially  arisen  from  cal far.  Therefore 
oar  theoretical  resalta  are  aot  contradictory  to  these  experimental  resalts. 


Finally*  ve  note  that  all  of  the  imparity  elenents  which  we  have  stadied 
are  snail  coapared  to  iron  and  nickel  and  shoald  easily  fit  into  grain  boun¬ 
dary  interstices.^^  However*  aoae  embrittling  elenents  are  larger  than  the 
host  aetal  atone— for  exaaple,  Te  ia  Fe.  In  these  eases  we  wonld  not  only 

expect  the  stoa  to  sit  on  a  sabstitational  site  bat  also  that  the  local  strain 

(12) 

prodaced  by  the  aisfit  woald  affect  the  bonding.  Seah  has  noted  that  sane 
of  the  strongest  enbxittlers  in  iron  are  atone  considerably  larger  than  iron. 
Also,  in  addition  to  drawing  charge  oat  of  the  aetal-netal  bonds*  the  embrit¬ 
tling  elenents  nay  change  the  aetal-netal  bond  length.  This  resalt*  too* 
coaid  be  iaportant  in  eabrittleneat. 


In  this  paper  we  have  considered  the  effects  of  cheaical  bonding  on  grain 
boundary  embrittlement.  We  have  shown  that  a  strong  embrittling  elenent  saoh 
as  S  ia  Fe  or  Ni  forms  bonds  with  the  host  netal  atone  s round  it.  I*  doing  so 
it  draws  charge  fron  the  aetal  stems  onto  itself  as  it  is  electronegative  with 
respect  to  the  netal.  Less  charge  is  then  available  to  participate  in  aetel- 
aetal  bonds  which  hold  the  grain  boundary  together  and  eabrittleneat  occurs. 
Ia  oontrast*  elenents  which  increase  cohesion  at  the  boundary  such  as  B  in  Ni 
do  not  draw  charge  fron  the  netal  atens  bat  fom  rather  covalent  bonds  with 
then.  This  sharing  leads  to  increased  bonding  at  the  grain  boundary. 
Finally*  we  suggest  that  P  and  C  ia  iron  are  either  benign  or  weakly  embrit¬ 
tling  and  we  show  that  existing  experimental  data  is  not  ineoasistent  with 
this  idea. 
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Table  I 


CLUSTER  COMPOSITION  FOR  TETRAHEDRAL  CLUSTERS 


Experimentally  Determined  Reference  for 

Host  Metal  Impurity  Effect  of  Impurities  Experimental  Study 


Fe 

S 

Strong  Embrittler 

2-5,8 

Fe 

P 

Moderate  to 

Weak  Embrittler 

4 

Fe 

C 

Cohesive  Enhancer 

2,5 

Ni 

s 

Strong  Embrittler 

29-32 

Ni 

B 

Cohesive  Enhancer 

29 

14 
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The  tetrahedron.  The  metal  atoms  (M)  are  placed  at  the  vertices  and  the 
impurity  (I)  in  the  center.  The  cross  hatched  plane  is  the  one  used  for  the 
contour  plots  shown  in  this  paper. 

The  energy  level  diagram  for  the  Fe^S  cluster. 

The  energy  level  diagram  for  the  Ni^S  cluster. 

The  energy  level  diagram  for  the  Fe^P  cluster. 

The  energy  level  diagram  for  the  Fe^C  cluster. 

The  energy  level  diagram  for  the  Ni^B  cluster. 

The  orbital  contour  plots  of  the  la^  and  it2  orbitals  in  Fe^S. 

The  orbital  contour  plots  of  the  la^  and  lt2  orbitals  in  Ni^S. 

The  orbital  contour  plots  of  the  la^  and  lt2  orbitals  in  Fe^P. 

The  orbital  contour  plots  of  the  Uj  and  lt2  orbitals  in  Fe^C. 

The  orbital  contour  plots  of  the  l and  lt2  orbitals  in  Ni^B. 

The  special  charge  density  p.M(r)  for  the  tetrahedral  clusters.  These 
charge  densities  include  only  those  orbitals  which  contain  a  contribution 
from  the  impurity  atom. 

The  eight  atom  tetragonal  dodecahedron. 

Contour  values  of  the  total  valence  charge  density  in  the  X-Z  plane  of  the 
tetragonal  dodecahedron  shown  in  Figure  13.  (a)  is  for  Nig  and  (b)  is  for 
Ni«S.  Contour  four  which  differs  most  drastically  for  the  two  clusters  is 
drawn  more  darkly. 
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